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Identification of amino acid residues crucial for 
chemokine receptor dimerization 
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Chemokines coordinate leukocyte trafficking by promoting oligomerization and signaling by G protein-coupled receptors; 
however, it is not known which amino acid residues of the receptors participate in this process. Bioinformatic analysis 
predicted that Ile52 in transmembrane region-1 (TMl) and VallSO in Tl\/I4 of the chemokine receptor CCR5 are key residues 
in the interaction surface between CCR5 molecules. Mutation of these residues generated nonfunctional receptors that could 
not dimerize or trigger signaling. In vitro and in vivo studies in human cell lines and primary T cells showed that synthetic 
peptides containing these residues blocked responses induced by the CCR5 ligand CCL5. Fluorescence resonance energy 
transfer showed the presence of preformed, ligand-stabilized chemokine receptor oligomers. This is the first description 
of the residues involved in chemokine receptor dimerization, and indicates a potential target for the modification of 
chemokine responses. 



The chemokines are a large family of proteins that regulate recruitment 
of leukocytes to sites of inflammation and coordinate theii* trafficking 
throughout the body^. Chemokines mediate leukocyte fimction by 
binding to and activating specific G protein-coupled receptors 
(GPCRs) expressed by these cell populations^. Ligand binding to the 
GPCR promotes the association and activation of Janus tyrosine 
kinases (JAKs)^ and stimulates GDP-GTP exchange in the G protein 
GOj subunit. Although these receptors were initially beheved to be 
monomers, a growing body of evidence shows GPCR oligomerization, 
indicating the complexity of GPCR activation and signaling in the 
cell'^. Several models have been proposed for GPCR dimerization^. 
Some GPCRs, such as the metabotropic glutamate receptor-1 (ref. 10), 
have long extracellular N-terminal extensions that bind ligands and 
contribute to dimer stabilization. Others, such as the y-aminobutyric 
acid (B) (GABAg) receptor, dimerize through coUed-coil domain inter- 
action within the C-terminal tails". For the p-adrenergic receptor, iig- 
and-induced signal transduction requues interaction between the 
seven-transmembrane helices, where tlie key residues are found^, as has 
also been obsei-ved for the 5-|Ll opioid receptor* 

Using a variety of approaches, several groups'^"*^ have described 
chemokine receptor dimerization and its influence on receptor func- 
tion'^. Monoclonal antibodies (mAb) to CCR5 (anti-CCR5) stabilize 
multiple active states of the CCR5 receptor'^. In addition, we have 
reported activation of distinct signaling events by chemokine receptor 
homo- or heterodimers'^ and have found that CCR5 dimers influ- 
ence susceptibility of primary cells to HIV-1 infection'^. The biologi- 
cal significance of GPCR dimerization is poorly characterized. 



however, and both the dimerization site and the amino acid residues 
involved in this process remain to be elucidated. Through a combina- 
tion of in silico analysis, imaging techniques, biochemistry, and in 
vitro and in vivo functional analyses, we have identified two crucial 
amino acid residues involved in CCR5 dimerization, and we describe 
their possible application as tools to block chemokine responses. 

RESULTS 

Ile52 and VallSO are essential for CCR5 function 

Based on amino acid sequence alignment, we used bioinformatic 
analysis that detects compensatory mutations^^-^* and family-specific 
residues-^'-^ to identify a protein region crucial for chemokine recep- 
tor dimerization; this region is predicted to include a large part of the 
transmembrane regions TMl and TM4. To visualize the structural 
implications of these predictions, we used the Global Range 
Molecular Matching docking program and a low-resolution represen- 
tation of the CCR5 TM regions to build models of a homodimer 
structure compatible with the predicted contact interface. This model 
positions the basic structure for homodimer formation at the interac- 
tion site between TMl and TM4 (Fig. 1). 

On the basis of these predictions for the CCR5 interaction sites, we 
explored the dimerization model by analyzing mutants with alter- 
ations of the contact amino acid residues. Of all possibilities analyzed, 
a two-point mutation in this theoretical CCR5 contact network, 
resulting in 15 2V and V150A substitutions, appeared crucial and was 
evaluated in detail. We generated the CCR5 double mutant 
CCR5I52W150A (CCRSmut) and stably transfected either wild-type 
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Figure 1 Structural model of CCR5 dimer association, (a) Ribbon 
representation of CCR5 transmembrane domains TMl, TM2 and TM4 (al, 
a2 and a4), which participate directly in the interaction surface. Mutated 
residues Ile52 and Vail 50 are indicated, (b) Interaction surface in the two 
monomers. The residues that form part of the interaction surface are colored 
magenta, those predicted to be important for interaction specificity are in 
yellow and mutated residues are in red. 

CCR5 (CCRSwt) or CCRSmut into the L1.2 mouse pre-B cell line. 
Both receptors were expressed equally on the cell membrane, as shown 
by anti-CCR5 staining (Fig. 2a, upper). They bind similar amounts of 
ligand in flow cytometry with biotin-labeled CCL5 (Fig. 2a, lower) 
with similar affinity constants, as indicated by Scatchard analysis 
(Fig. 2b) (0.88 + 0.22 nM, CCRSwt; 1.33 ±033 nM, CCRSmut). 

Evaluation of receptor function showed that CCRSwt responded 
to CCL5 in chemotaxis (Fig. 2c) and calcium mobilization assays 
(Fig. 2d), whereas CCRSmut did not respond to the ligand at any 
concentration tested. As a control, both cell tv^es responded equally 
to CXCL12 activation through the endogenous CXCR4 (Fig. 2c,d). 
We have reported previously that JAK association to the receptor and 
receptor dimerization are the first events that follow chemokine bind- 
ing^-^'. Thus, we evaluated these steps in CCRSwt and CCRSmut 
cells. ]AK2 bound to CCRSwt after CCL5 activation, with normal 
association kinetics, as indicated by its detection in CCRSwt 
immunoprecipitates (Fig. 2e, left), but it did not bind -to CCRSmut 
(Fig. 2e, right). This resuh indicates that no signaling events are trig- 
gered through the mutant receptor. As predicted, signal transducer 
and transactivator of transcription (STAT) factors were not observed 
in CCRSmut immunoprecipitates (Fig. 2f, right), whereas CCRSwt 
showed complete lAK-STAT activation (Fig. 2f, left). 

To analyze whether this model could be extended to other 
chemokine receptors, we used the same approach to predict that 



Val64 in TMl and Ilel64 in TM4 are the residues involved in the 
CCR2 dimerization site. We generated the CCR2 double mutant 
CCR2V64AV164A (CCR2mut), and stably transfected wild-t)T)e 
CCR2 (CCR2wt) or CCR2mut into the Ll.2 mouse pre-B cell line. 
CCR2mut did not respond to CCL2 in calcium or in chemotaxis 
assays at any ligand concentration tested, although these cells 
responded appropriately to CXCL12 stimulation (see Supplementary 
Fig. 1 online). 

As CCR5 signaling is reported to take place in raft microdomains^'*, 
the lack of function of CCRSmut may be due to altered receptor local- 
ization on the cell membrane. We costained cells to detect CCRSwt or 
CCRSmut and the cholera toxin p-subunit (CTx), a marker specific 
for the raft-associated glycosphingolipid GML Both forms of CCR5 
colocalized with CTx (see Supplementary Fig. 2 online), indicating 
that the lack of CCRSmut function is not due to differences in mem- 
brane distribution. The specificity of CCRSwt and CCRSmut raft 
aggregation was confirmed by mAb cross-linking of the transferrin 
receptor (TfR), a protein excluded from membrane rafts^^, showing 
that anti-TfR-induced staining does not colocalize with that observed 
with CTx (Supplementary Fig. 2 online). Although CCRSmut and 
CCRSwt raft location and ligand binding characteristics were indis- 
tinguishable, the data indicate that CCRSmut was unable to signal. 

The CCR5152VV150A mutant receptor does not dimerize 

As receptor dimerization is required for correct chemokine signal- 
ing^, we evaluated receptor dimerization in CCRSwt and CCRSmut 
cells. Unstimulated or CCLS-stimulated transfected cells were cross- 
linked with disuccinimidyl suberate (DSS) before lysis, cell extracts 
were immunoprecipitated with anti-CCRS, and immunoblots were 
developed with CCRS mAb. A band corresponding to CCR5 
monomer was detected in both cases, independently of CCL5 artiva- 
tion (Fig. 3a). However, higher-molecular-weight species equivalent 
to dimers and oligomers were detected in CCRSwt (Fig, 3a, left) but 
not in CCRSmut cells (Fig, 3a, right) after CCLS stimulation. 

In these experiments, CCRSwt dimers were detected only after lig- 
and aaivation, in agreement with previous repoits^^. Some recent 
studies have detected several chemokine receptor conformations, 
indicating that oligomerization may take place even in the absence of 
ligand stimulation'"*-'^. To analyze the role of the Ugand in this 
process, we used fluorescence resonance energy transfer (FRET), a 
method that permits temporal and spatial resolution of dimerization 
by detecting acceptor fluorescence after donor excitation^^. 

HEK-293 cells were transiently cotransfected with CCRSwt-cyan 
fluorescent protein (CFP; donor) and CCRSwt-yellow fluorescent 
protein (YFP; acceptor) (RSw^-C-RSwt-Y) or with CCRSmut-CFP 
and CCRSmut-YFP (RSmut-C-R5mut-Y). FRET was detected in 
unstimulated RSwt-C-RSwt-Y cells but not in RSmut-C-R5mut-Y 
cells (Fig. 3b). These data are in agreement with the immunoblot 
results indicating that CCRSmut does not dimerize, and confirm the 
observations that chemokine receptors exist as preformed dimers, 
even in the absence of ligand. The apparent discrepancy with 
immunoblot data may be due to difterences in technique sensitivity. 

To evaluate this eft'ect more precisely, FRET was quantified by sensi- 
tized acceptor fluorescence-^ in unstimulated or CCLS-stimulated 
RSwt-C-RSwt-Y or RSmut-C-R5mut-Y cells. Basal FRET energy was 
detected in CCRSwt transfectants, and increased after addition of 
CCLS (Fig. 3c). In contrast, CCRSmut transfectants showed neither 
basal nor CCLS-mediated FRET, despite cell surface expression of 
CCRSmut. The data indicate that CCRSmut does not dimerize and 
that FRET is not a consequence of receptor overexpression. An evalua- 
tion of dimerization using fluorescence lifetime imaging (FLIM) 
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Figure 2 \52\l and V150A point mutations in CCR5 abrogate receptor function, (a) CCR5wt and CCR5mut expression m transfected LI. 2 cells was measured 
by flow cytometry with biotin-labeled CCR5-03 mAb (upper) or biotin-labeled CCL5 (lower), followed by FITC-streptavidin. (b) Displacement curve of CCL5 
competitive binding for i^Sj-iabeied CCL5 on CCR5wt- and CCR5mut-stably transfected LI. 2 cells. Data represent the mean of triplicate determinations 
from one experiment of five performed, (c) Migration of CCR5wt- and CCRSmut-transfected LI. 2 cells in response to CCL5 or CXCL12. Cells that migrated 
to the lower chamber were counted and expressed as a migration index. Data represent the mean ±s.d. of triplicate determinations from one experiment 
,of ten performed, (d) CXCL12- or CCL5-induced calcium mobilization in CCR5vrt- and CCRSmut-transfected LI. 2 cells was measured by flow cytometry, 
(e) CCL5 (20 nM)-induced CCR5vrt- or CCRSmut-transfected LI .2 cell lysates were immunoprecipitated with anti-CCR5 and immunoblotted with anti-JAK2. 
As a positive control, unprecipttated Ll.2 cell lysates were tested with anti-JAK2. (f) CCL5 (20 nM)-induced CCRSwt- or CCRSmut-transfected LI. 2 cell 
lysates were immunoprecipitated as in e and the immunoblot developed with anti-STAT3. Equivalent receptor loading was confirmed by reprobing with 
CCR5-01 mAb. As a positive control, unprecipitated LI. 2 cell lysates were tested with anti-STAT3. All immunoblots show one representative experiment of 
at least five performed. 



technology produced identical conclusions-^. FUM measures the spe- 
cific CFP lifetime, which decreases owing to energy capture when CFP 
is in proximity to YFP molecules. We evaluated homodimerization of 
CCR5 by FLIM using the same transfectants as in the FRET experi- 
ments. In individually transfected control R5vrt-C and R5mut-C cells, 
the lifetime of CFP was 2. 10 ± 0.01 ns; this was reduced to 1 .8 ± 0.02 ns 
in R5wt-C-R5wt-Y cells, confirming CCRSwt homodimerization 
(Fig. 3d,e). When this experiment was carried out with R5mut- 
C-R5mut-Y ceils, no significant reduction was observed in CFP life- 
time (2.05 ± 0.01 ns), confirming the absence of homodimerization 
observed with FRET (Fig. 3d,e). 

We showed previously that CCR5 can heterodimerize with CCR2 
and that the resulting receptor complex activates signaling events dis- 
tinct from those triggered by the homodimers'*^. To test whether 
CCRSmut is able to associate with CCR2, we transiently cotransfected 
HEK-293 ceils cotransfected with CCR2wt-cyan fluorescent protein 
(R2\vn-C) and CCRSwt-yellow fluorescent protein (R5wt-Y) 
(R2wt-C-R5wt-Y), or R2wt-C and CCR5mut-Y (R2wl:-C-R5mut- 
Y), then evaluated them with FUM for the presence of prefornied 



heterodimers. CFP Ufetime was 2. 1 ± 0.02 ns m R2wt-C cells but was 
reduced to 1.7 ± 0.05 ns in R2wt-C-R5wt-Y cells (see Supplementary 
Fig. 3 online), confirming CCR5-CCR2 heterodimerization. When 
this experiment was done with R2wt-C-R5mut-Y cells, no significant 
reduction was observed in CFP lifetime (2.05 ± 0.01 ns) 
{Supplementary Fig. 3 online). Heterodimerization was more evi- 
dent in the cell membrane of R2wt-C-R5wt-Y cells, suggesting that 
this process occurs in specific areas. Similar to other GPCRs^l 
chemokine receptors appear to be in monomer, dimer and oligomer 
equilibrium, and the ligand may stabilize the active receptor confor- 
mation. Thus, mutation of CCR5 Ilc52 in TMl and VallSO in TM4 
results in disruption of the dimer, indicating a key role for these 
residues in CCR5 dimerization. 

Synthetic peptides block CCR5 function 

Because mutation of CCR5 residues Iie52 and VallSO impeded the 
receptor's function by preventing dimerization, we considered that 
competition for the contact sites could also block CCR5 signaling. We 
designed seven-amino-acid synthetic peptides containing the key 



NATURE IMMUNOLOGY ADVANCE ONLINE PUBLICATION 



3 









•5 



o 



Mf (kDa) 



Dimer 




Lysate 0 r 5" 
IP; CCR5 




> 
t 

in 

q: 
I 

o 



a: 



E 
in 
q: 
1 

o 

£ 



R5wt-C R5wt-C-R5wt-Y R5mut-C-R5mut-Y 




2 3 4 
CFP lifetime (ns) 



0 1 2 3 4 



a 

3 

O 
i_ 

O 

O) 

c 

X 

w 
3 

3 

a 

o 

3 



o 
o 

CM 

@ 



Figure 3 CCL5 does not trigger CCRSmut dimerization. (a) Serum-starved CCRSwt- or CCRSmut-transfected LI. 2 cells were left unstimulated or stimulated 
with 20 nM CCL5, then cross-linked with DSS. Cell lysates were immunoprecipitated with CCR5'03 and then immunoblotted with CCR5-01. As a control, 
lysates from un-cross-linked CCRBwt- or CCR5mut-transfected LI .2 cells were immunoblotted with the same CCR5 mAb. Arrows indicate receptor monomer 
and dimer. {b) Unstimulated R5wt-C-R5wt-Y (upper) or R5mut-C-R5mut-Y (lower) HEK-293 cells were visualized with filter sets for CFP (left) and for YFP 
(middle). FRET images (right) were visualized with the FRET filter set, expressed as corrected FRET (see Methods) and displayed in quantitative pseudocolor 
(arbitrary linear units of fluorescence intensity), (c) R5wt-C-R5wt-Y or R5mut-C-R5mut-Y HEK-293 cells, unstimulated or stimulated with 20 nM CCL5, 
were fixed and FRET evaluated. Shown are normalized FRET values for 5 independent images of at least 15 cells each (see Methods), (d) CFP fluorescence 
lifetime images (calculated from the phase shift) of HEK-293 cells expressing R5wt-C-R5wt-Y (left) or R5mut-C-R5mut-Y (right). The pseudocolor scale 
ranges from 0 (black) to 3.0 ns (white). As controls, fluorescence images are shown for R5wt-C (middle, upper) and R5mut-C (middle, lower), (e) Histograms 
show the fluorescence lifetime distribution throughout the image for HEK-293 celts transiently transfected with R5wt-C (left), R5wt-C-R5wt-Y (middle) or 
R5mut-C-R5mut-Y (right). Red line shows the mean lifetime for R5wt-C. 



residues involved in CCR5 dimerization. We synthesized Ile52- 
bearing (R5vvtl; MLVILIL) and VallSO-bearing peptides (R5wt4; 
VTSVITW), as well as control peptides with the I52V (RSmutl; 
MLVVIIL) and V150A mutations (R5mut4; VTSAITW). Peptides 
were also synthesized with an N-terminal biotin group to permit us to 
monitor their inclusion in the cell membrane. CCRSwt cells were 
incubated with biotin-labeled peptides, washed and developed with 
phycoerythrin-labeled streptavidin. All peptides were detected in the 



cell membrane, as shown by flow cytometric analysis (Fig. 4a) or by 
confocal microscopy with Cy2 -streptavidin (data not shown). FRET 
analysis was carried out to evaluate whether the peptides disrupt , 
CCR5 dimers. R5wt-C-R5wt-Y HEK-293 cells treated with R5wtl 
plus R5wt4 (WT pep) or with R5mutl plus R5mut4 (Mut pep) were 
fixed and FRET was evaluated by fluorescence microscopy as above. 
Preformed CCR5 homodimers were disrupted by treatment with 
peptides containing the intact CCR5 dimerization site, whereas 




Figure 4 Synthetic peptides containing Ile52 and Vall50 block CCR5 dimerization. (a) CCR5wt-transfected LI. 2 cells were incubated with biotin-labeled 
synthetic peptides (WT pep or Mut pep) followed by FITC-streptavidin, and binding was analyzed by flow cytometry, (ti) R5wt-C-R5wt-Y HEK-293 cells were 
treated with WT pep (upper) or Mut pep (lower) for 30 min, then analyzed as in Figure 3b. (c) Normalized FRET values were obtained as in Figure 3c. 
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Figures Synthetic peptides containing !}e52 and VallSO block CCR5-induced responses, (a) Flow cytometric analysis of CCL5-induced calcium mobilization 
in CCRSwt-transfected LI. 2 ceils either left untreated or treated with WT pep or Mut pep. (b) CCRSwt-transfected LI. 2 cells (left) or PBLs from healthy 
donors (right) were treated with WT pep or Mut pep and allowed to migrate in response to CCL5. Cells that migrated to the lower chamber were counted 
and the number expressed as a migration index. Data represent the mean ± s.d. of triplicate determinations (f) = 5). (c) PBLs from healthy donors were 
labeled with CT orange or green, and treated with V\rr pep (green), Mut pep (orange) or PBS (green and orange), injected intravenously into mice, and 
their accumulation in spleen analyzed after intrasptenic injection of CCL5. Results of three independent experiments are expressed as the migration index 
of CCR5"^ cells {mean ± s.d.) calculated as indicated in Methods. The figure also shows the ratio of orange- to green-stained cells for each condition. 



peptides containing mutated residues did not alter CCR5 oligomer- 
ization (Fig. 4b,c). 

To evaluate the effect of the peptides on CCR5 function, CCR5\vt 
cells or peripheral-blood lymphocytes (PBLs) from healthy human 
donors were treated with WT pep or Mut pep, or left untreated, 
before CCL5 activation. WT pep-pretreated cells did not respond to 
CCL5 in calcium flux (Fig. 5a) or migration assays (Fig. 5b), whereas 
Mut pep-treated cells retained their ability to respond to ligand in 
both transfectants and primary cells (Fig. 5a,b). Flow cytometric 
analysis indicated that peptides affected neither cell surface receptor 
expression nor cell viability (data not shown). Peptide specificity was 
tested in functional assays with the unrelated muscarinic type-1 
GPCR or with distinct chemokine receptors. Treatment of J-HM 1-2.2 
cells^^ with WT pep or Mut pep had no effect on carbachol-mediated 
calcium flux (see Supplementary Fig. 4 online). In addition, peptide 
treatment had no effect on CCL17-, CCL20-, CCL1-, CCL25- or 
CCL27-induced calcium flux in HEK-293 cells stably transfected with 
hCCR4, hCCR6, hCCR8, hCCR9 or hCCRlO, respectively 
(Supplementary Fig. 4 online). 

Similar results were obtained in analyses of in vivo responses to 
CCL5. Equal numbers of activated human PBLs expressing fimc- 
tional CCR5 were stained with CellTracker orange or green dye. 
Green-stained cells were treated with WT pep or PBS (control); 
orange-stained cells were treated with Mut pep or PBS. 
Subsequently, cell mixtures treated with PBS + PBS or with Mut pep 
-}- WTpep (1:1 orange/green) were injected intravenously into mice, 
which were then immediately injected intrasplenicaily with CCL5 or 
PBS. When cell accumulation in spleen was analyzed by flow cytom- 
etry 4 h after CCL5 injection, no alteration was observed in the initial 
1:1 orange/green ratio for PBS-treated cells (48.53 ± 0.2%:51.46 ± 
0.2%) (Fig. 5c). For peptide-treated cells, however, only Mut 
pep-treated (orange) cells accumulated in numbers similar to con- 
trol cells in CCL5-injected mouse spleen, whereas WT pep-treated 
(green) cells did not (orange/green ratio 91.56 ± 0.3%:8.43 ± 0.3%) 
(Fig. 5c). Nonspecific orange/green cell accumulation in PBS- 
injected mice showed a 1:1 ratio under all treatment conditions (50.2 
±0.I%:49'.8±0.1%). . 

The WT pep and the Mut pep were also tested for their ability to 
block CCL5-induced migration of activated human PBLs injected 
intravenously into the peritoneal cavity of mice. In this model, as for 



T cell migration to spleen, the WT pep blocks CCR5-triggered 
responses (data not shown). Ahogether, the data indicate that 
chemokine responses are altered specifically by the presence of 
synthetic peptides that include the key dimerization residues Ile52 
and Vail 50. 

DISCUSSION 

Dynamic protein-protein interactions are central components of 
biological regulatory networks. Among these interactions, dimeriza- 
tion events are a common mechanism for signal transduction from 
the cell surface to the nucleus, allowing the generation of consider- 
able functional diversity. Protein dimerization occurs between a 
wide variety of cellular components, including cell surface receptors 
(tyrosine kinase receptors, cytokine receptors, antigen receptor), sig- 
naling molecules (Bcl-2 family, Smad family) and transcription fac- 
tors (nuclear hormone receptors, STAT, basic helix-loop-helix 
proteins, BZIP family). In all these cases, dimerization allows activa- 
tion and regulation of associated proteins. Dimerization may also 
enhance specificity, serve as a cellular mechanism to control sensiti- 
vity, or modulate activity by interaction with dominant-negative 
partners and regulatory proteins. The transition between 
monomeric and dimeric states is a regulated process, and in many 
cases is the rate-limiting step for activation^ ' . 

G protein receptors, initially believed to be monomers, induce 
functional responses through receptor dimerization. Receptors such 
as p-adrenergic, muscarinic, GABA or chemokine receptors have 
been shown to be dimeric entities^-. In these receptors, dimerization 
has a key role in several processes, including receptor trafficking to 
the cell membrane, specificity in signaling events, and sensitivity to 
chemotactic gradients. However, the role of the ligand in inducing or 
stabihzing receptor complexes remains controversial, and thus an 
effort is being made to identify the amino acid residues that define the 
dimerization site. 

Bioinformatic analysis of the chemokine receptor family predirts 
that TMl, TM2 and TM4 are the principal domains involved in 
homodimer formation. Examination of the CCR5 model showed that 
two point mutations, I52V in TMl and V150A in TM4, were suffi- 
cient to abrogate receptor function. The use of energy transfer tech- 
niques (FRET and FLIM) demonstrated that unlike wild-type CCR5, 
the double-mutant CCR5 was unable to dimerize even after ligand 
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stimulation. On the other hand, although Hgand binding had an 
effect on dimerization of wild-type CCR5, the FRET value was mod- 
est, suggesting that the ligand did not drive dimerization but rather 
stabilized the dimeric conformation. However, the FRET index from 
untreated cells reflects receptor colocalization throughout the cell, 
whereas the measurable effect of the ligand is cell membrane- 
restricted. Thus, quenching from background receptor dimerization 
may mask the effect of the ligand on dimerization. FLIM analysis of 
wild-type CCR2-CCR5 heterodimers supported the hypothesis that 
the ligand induces dimerization by showing that the ligand modifies 
CFP lifetime specifically in the membrane. 

Our results, which agree with other GPCR models^^ indicate tliat 
CCR5 oligomers are present in unstimulated cells and tliat the ligand 
induces and stabilizes the oligomeric conformation with the highest 
binding affinity. The CCR5 oligomers in unstimulated cells observed 
witli FRET were not detected in immunoblot assays, possibly because 
dimer stability can be influenced by many faaors, including detergents 
used to lyse cells for immunoprecipitation. In contrast, the presence of 
ligand, associated with conformational changes in GPCR structure'*'*, 
might stabilize the dimer in a conformation resistant to detergent treat- 
ment, allowing subsequent detection. In addition, CCR5 dimerization 
involves highly conserved epitopes in TMl and TM4, which include 
residues IleSl and VallSO. Residues such as threonine and proline (in 
the TXP motif) that have been identified in other integral membrane 
proteins^^ are also found in the CCR5 TM2 helut, and appear to be cru- 
cial for correct receptor function^^. Our data obtained with synthetic 
peptides indicate that the amino acid residues that surround Ile52 and 
VallSO could be very important in promoting peptide specificity for the 
receptor. 

These results support our model, vy'hich requires GPCR structural 
integrity to preserve the backbone flexibility needed for the activation- 
associated conformational changes. The amino acids involved in dimer- 
ization are specific because CCR5-related synthetic peptides do not 
affect the fimction of other GPCR or chemokine receptors. However, 
this mechanism can be extrapolated to other chemokine receptors, as 
shown by the identification of residues involved in the CCR2 dimeriza- 
tion site. Thus, a CCR2 mutant bearing point mutations for V64A in 
TMl and V164A in TM4 was unable to trigger receptor function. 

Finally, our data also indicate that the monomeric conformation is 
an inactive receptor state, as it is unable to trigger function or to acti- 
vate the steps that initiate chemokine signaling^^, such as the associa- 
tion with lAK. This observation may help to resolve the mechanism of 
JAK activation though chemokine receptors and other GPCRs. 

We have shown that seven-amino-acid synthetic peptides containing 
the key CCR5 dimerization residues Ile52 and VallSO abrogate CCR5 
function by disrupting CCR5 homodimers. Small peptides such as 
those described here can be considered a novel class of antagonists, 
because they act by preventing the stabilization of active receptor con- 
formations. The hydrophobic nature of the transmembrane peptides 
greatly facilitates their penetration into the cell membrane bilayer, and 
their orientation within the membrane may be due to their capacity to 
dock to the receptor a-helbc. The current search for antibodies or 
chemical compounds that neutralize chemokine effects has been based 
mainly on blockade of chemokine or chemokine-receptor binding 
sites'^. Our results indicate that stabilization of an inactive chemokine 
receptor conformation is a potential target for therapeutic intervention. 
CCR5 mAb have been described that stabihze multiple active CCR5 
conformations, each of which has distinct flmctional effects'*'. We pro- 
pose tliat stabilizing an inactive chemokine receptor alters chemokine 
function, because selective receptor stabilization in the monomeric 
state would regulate the on-off switch of a specific chemokine receptor. 



Emphasis on the GPCR TM domains as targets for inhibitors is not 
new. For example, peptides that mimic TM helices and disrupt receptor 
function have been reported^^. Potent antagonistic, low-molecular- 
weight chemical compounds have been described whose binding sites 
are located within the transmembrane bundle of the receptors^"''*^ One 
example is TAK-779, a small-molecule inhibitor of CCR5 fijnction, 
whose binding site has been mapped to a cavity bet\veen TMl, TM2, 
TM3 and TM7 (ref. 40). Our results provide information on the key 
residues implicated in chemokine receptor dimerization, offer new 
possibilities for specific intervention in chemokine physiology, and 
define additional targets for the design of drugs with therapeutic poten- 
tial in chemokine-related diseases. 

METHODS 

Prediction of the dimerization model. We used the GPCRDatabase''- for 
multiple sequence alignments, as well as ahgnments derived with the TCOF- 
FEE program'*^. 

Prediction of tree determinant residues. SequenceSpace^- and other meth- 
ods-^ were used to detect family-specific residues. We used comparative 
analysis of different chemokine receptor families to determine the presence 
of potential specific receptor interaction sites. Because of its greater 
sequence diversit>', the CXCR family was analyzed first and the results- pro- 
jected onto the full CCR-CXCR alignment. Details of SequenceSpace analy- 
sis and the residues specific for each family split are available as a 
Supplementary Note online. 

Prediction of protein interaction regions based on detection of correlated 
pairs of positions. To detect correlated positions in multiple sequence align- 
ments, we used the algorithm developed by Gobel et ol}^, extended for protein 
interaction prediction^'. A similar approach was developed independently by 
Filizola et al'^ for GPCRs. The basic principle is that accumulation of comple- 
mentar)' variations bet^veen sequences of interacting proteins can be distin- 
guished from background levels of sequence variation. Application of this 
method to the detection of homodimers requires additional differentiation 
between predicted intra- and intermolecular interactions. We used residues 
predicted to have a surface exposure of more than 50 A- as an indicator of 
potential implication in interprotein interactions. 

Construction of a structural model for receptor dimerization. A low-resolu- 
tion, three-dimensional model of the CCR5 chemokine receptor was taken 
from the GPCR database (http;//www.cmbi. kun.nl/7tm/); it corresponds to a 
model based on the low- resolution map of rhodopsin'*-''. Loop regions are 
■ intentionally excluded, because the rhodopsin framework does not provide 
information for their modeling. These models should be interpreted as purely 
topological; gross divergence from the true structure is anticipated. 

The potential homodimer model was selected from among a large number 
of alternative structures built with the low-resolution Global Range Molecular 
Matching (GRAMM) docking method'^'**^. The solutions that maintain cor- 
rect membrane orientation were further classified by proximity of the corre- 
lated residue pairs and/or family-specific residues. A similar procedure applied 
to a large protein collection showed good correlation between model accuracy 
and proximity of correlated pairs^^. 

Site-directed mutagenesis of CCR5 Ile52 and Val 1 50. For CCR5, isoleucine was 
replaced by valine at residue 52 and valine was replaced by alanine at residue 
150. For CCR2, valine was replaced by alanine at residue 64 and valine was 
replaced by alanine at residue 164. In both cases we used the QuickChange site- 
directed mutagenesis kit (Stratagene, Germany) and manufacturer's protocols. 
The two ohgonucleotide primers synthesized for CCR5 correspond to positions 
139-171 and 433-465; the first contains the target isoleucine codon (ATC) at 
position 154, which was replaced with a valine codon (GTC); the second con- 
tains the target valine codon fGTG) at position 448, which was replaced with an 
alanine codon (GCG). For CC112, the primers correspond to positions 174-201 
and 468-501; the first contains the target valine codon (GTC) at position 191, 
which was replaced with an alanine codon (GCC);' the second contains the target 
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valine codon (GTG) at position 485, which was replaced with an alanine codon 
(GCG). All mutations were confirmed by DNA sequencing 

Ceil transfection. Human embryonic kidney cells (HEK-293) were transiently 
transfected with pECFP-Nl-CCR5\^^t alone or plus pEYFP-Nl-CCR5\vt, with 
pECFP-Nl-CCR5mut alone or plus p£YFP-Nl-CCR5mut, with PECFP- 
Nl-CCR2wt alone or plus pEYFP-Nl-CCR5wt, or with PECFP-Nl-CCR2wt 
plus pEYFP-Nl-CCR5mut constructs using Lipofectamine (Gibco-BRL) 
according to manufacturer's instructions. Mouse LI. 2 cells were transfected by 
electroporation {1,170 ^F, 310 V) with human CCRSwt, CCR5152VV150A, 
CCR2wt or CCR2V64AV164A cDNA cloned in pcDNAIil. Stably transfected 
cells were selected in G-418 (Gibco-BRL) and screened by flow cytometric 
analysis for receptor expression with anti-CCR5 or anti-CCR2. All experi- 
ments were done with at least four cell lines for each plasmid. 

Flow cytometric analysis and confocal microscopy. Cells were centrifuged 
(250^, 10 min, 24 '*C), plated in V-bottom 96-weU plates (2.5 x 10^ cells/well) and 
incubated with biotin-laheled CCR5-03 mAb (1 ^g/50 |il/wel], 60 min, 4 °C) or 
biotin-labeled CCL5 (R&D Systems) according to manufacturer's protocols. Cells 
were washed twice in PBS with 2% bovine serum albumin (BSA) and 2% FCS and 
centrifuged (250 g, 5 min, 4 °C). Fluorescein isothiocyanate-labeled streptavidin 
(Southern Biotechnologies) was added and incubated (30 min, 4 °C), plates 
washed twice, and cell-bound fluorescence determined in a Profile XL flow 
cytometer (525 nm; Coulter). Peptide incorporation in the cell membrane was 
analyzed by treating cells with biotin-labeled synnthetic peptides {R5wtl + R5wt4, 
or R5mutl + R5mut4; 50 )ig/ml, 30 min, 37 °C). Secondary antibody and flow 
cytometry were as above. For confocal microscopy analysis, cells were treated with 
biotin-labeled synthetic peptides, stained as above and developed with Cy2- 
streptavidin (Amersham Biotech); staining also included Cy3-labeled CCR5-03 
mAb. Images were captured with the Olympus 60X1-4 PlanApo objeaive of a 
Bio-Rad Radiance 2000 MP confocal microscope (Ar, 488 nm; Me-Ne, 543 nm; 
red laser diode, 637 nm) mounted on an OhTnpus 1X70. Cy2 fluorescence was 
captured witli an HQS 15/30 emission filter after sample excitation at 488 nm. Cy3 
fluorescence was captured independently of Cy2 after excitation at 543 nm, with 
an HQ600/50 emission filter (DCLPXR 560 dichroic mirror); final images resulted 
from coupling of the individual images. 

CTx and CCR5 costaining. HEK-293 cells, which constitutively express TfR, 
were transiently transfected with CCR5wt or CCRSmut and incubated (30 min, 
12 °C) with anti-CCR5 or anti-TfR (Calbiochem), followed by Cy3-goat anti- 
mouse (Jaclcson Laboratories) and FITC-CTx (Sigma; 30 min, 12 '^C). Cells 
were fixed (5 min, on ice) with 3.7% paraformaldehyde in PBS, followed by 
methanol (10 min, -20 °C), before mounting in Vectashield medium (Vector 
Labs), and visualized by confocal laser scanning microscopy (Leica). Signal 
intensity for each fluorophore was covered by a linear scale of pixel intensities. 
Digital images were processed with Photoshop software (Adobe Systems). 

Binding analysis. Competition binding assays were carried out with CCR5wt- 
and CCRSmut-stably transfected Ll.2 cells (0.5 x 10^ cells/well) using 
0.15 nM ^-^Mabeled CCL5 (2,000 Ci/mmol; Amersham Pharmacia) as tracer 
and unlabeled CCL5 (0.19-250 nM)^'-*. 

Calcium determination. Changes in intracellular Ca^"^ concentration were 
monitored with the fluorescent probe Fluo-3AM (Calbiochem). Cells were 
treated as described'** and Ca-* mobilization in response to CCL5 (20 nM; 
PeproTech) determined at 37 °C in an EPICS XL flow cytometer at 525 nm 
(Coulter). Background stabilization and probe levels were determined for each 
sample. When necessary, we used hCCR4-, hCCR6- hCCRS-, hCCR9- or 
hCCRlO-stably transfected HEK-293 cells (a gift of J. Gutierrez, CNB, 
Madrid) and J-HM 1-2.2 cells^". 

When the effect of synthetic peptides was analyzed, cells were pretreated 
with peptides (50 |ig/ml, 30 min, 37 ^C) before stimulation. 

In vitro and in vivo cell migration assays. For in vitro assays, cells (0.25 x 10^ 
cells in 0.1 ml) were placed in the upper well of 24-well transmigration cham- 
bers (5-^m pore; Transwell; Co,star) whose membrane was precoated with 
type VI collagen (Sigma; 20 fig/ml). CXCLl-2, CCL5 or CCL2 (PeproTech) 
were then added at different concentrations (in 0.6 ml RPMI with 0.25% BSA) 



to the lower well. Plates were incubated (120 min, 37 "C) and cells that 
migrated to the lower chamber were counted as described***. 

For in vivo assays, human PBLs were activated with PHA (50 )ig/ml; Roche 
Diagnostics) and rIL-2 (20 ng/ml) for 4-6 d until they expressed a functional 
CCR5, as confirmed by anti-CCR5 staining and jji vitro chemotaxis. 
Subsequently, 10^ cells/ml were stained with Cell Tracker orange (Molecular 
Probes) (2.5 p.M, 45 min, 37 °C) and 10' cells/ml with Cell Tracker green 
(Molecular Probes) (3 ^iM, 45 min, 37 °C), and washed. Green-stained cells 
(2 X 10^ cells/ml) were treated with WTpep (50 jig/ml, 30 min, 37 °C) or with 
PBS (control); orange-stained cells (2x10^ cells/ml) were treated with Mutpep 
(50 ng/ml, 30 min, 37 °C) or PBS. PBS + PBS- or WT pep + Mut pep-treated 
cell mixtures (1:1 orange/green; total 2 x 10^ cells/200 ^1 in PBS) were injected 
intravenously into 5-month-old BALB/c mice; immediately thereafter, each 
mouse received an intrasplenic injection of CCL5 ( 1 ^g/mouse in 75 pi) or PBS. 
After 4 h, mice were kifled, spleens removed, erythrocytes lysed and fluo- 
rophore-labeled cells counted by flow cytometry Migration index was calcu- 
lated as the number of CCR5+ cells that migrated in response to CCL5 
compared with those that migrated to PBS, and expressed as mean ± s.d. The 
ratio of orange-stained to green-stained cells was calculated as the number of 
each population versus the total number of migrated cells. 

Immunoprecipitation> immunoblotting and receptor cross-linking assays. 
Serum-starved cells were left unstimulated or stimulated ( 1 and 5 min, 37 °C) 
with CCL5 (20 nM). After washing twice with cold (4 °C) PBS, 10 ^1 of 
100 mM DSS (Pierce) was added ( 10 min, 4 °C, with continuous rocking). Cell 
lysates were immunoprecipitated with anti-CCR5 and transferred to nitrocel- 
lulose membranes, as described^''. The immunoblot was analyzed with CCR5 
mAb. Each experiment was performed at least five times. 

Peptide synthesis. The peptides WT pep and Mut pep were synthesized on an 
automated mukiple synthesizer (AMS 422, Abimed) with the solid-phase proce- 
dure and standard Fmoc chemistry^'. Peptide puritv' arid composition were con- 
firmed in reverse-phase high-performance liquid chromatography on a C-18 
Nucleosil 120 analytical column with a 5%-70% acetonitrile gradient containing 
1% trifluoracetic acid, as well as by amino acid analysis on a Beckman 6300 amino 
acid analyzer after acid hydrolysis, and by mass spectrometry with an ion-trap 
mass spectrometer, model LCQ, with an elearospray interface (ThermoQuest). 

Fluorescence microscopy analysis. HEK-293 cells transiently transfected with 
CCR5-CFP-CCR5-YFP or CCR5mut-CFP-CCR5mut-YFP, either unstimu- 
lated or chemokine stimulated (5 min, 37 °C), were fixed with cold 4% 
formaldehyde in PBS (5 min). Fluorescence was visualized with a iOOx, 
1.3-NA oil objective on an inverted fluorescence microscope (Olympus 1X70, 
100-W Hg lamp). CFP was observed uiider a 435/10-nm excitation filter, 
455-nm dichroic beam splitter and a 4S0/20-nni emission filter. YFP was 
viewed under a filter set with a 500/20-nm excitation filter, a 515-nm dichroic 
beam splitter and a 535/30-nm emission filter. 

FRET was detected with 435/10-nm excitation, a 455-nm dichroic beam 
splitter and 535/30-nm emission filters. Images were captured with a cooled 
Cool View CCD camera (Photonic Science). 

FRET measurement. FRET between CFP and YFP was determined from the 
whole image on a pixel-by-pixel basis by a three- filter method- Briefly, we 
calculated autofluorescence as well as CFP and YFP bleed-through on the FRET 
channel, which showed 54.30 ± 0.22% CFP and 1.1 ± 0.05% YFP fluorescence 
bleed-through to the FRET channel. To calculate cross- talk in these experi- 
ments, values for CFP and YFP images were multiplied by 0.545 and 0.012, 
respectively The corrected FRET image (FRETC) was obtained by subtracting 
autofluorescence and bleed-through from original FRET images. The final 
FRETC image is presented as a quantitative pseudocolor image. Background 
was subtracted before other image treatments were done. For quantification, 
normalized FRET was calculated on the colocalizaiion areas of CFP-CCR5 and 
YFP-CCR5 on a pixel -by-pixel basis^"*. Images were processed and FRET calcu- 
lated with a program based on Visual Basic 6.0 (Microsoft). FRET was calcu- 
lated for at least 30 cells each in seven independent experiments. 

When the effect of synthetic peptides was analyzed by FRET, transfected 
HEK-293 cells were pretreated with peptides (50 jJg/ml, 30 min, 37 °C) before 
stimulation. 
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Fluorescence lifetime imaging (FLIM) measurement. FLIM was determined 
in live, transiently-transfected cells cultured in coverslip chambers (Nunc). 
FLIM measurements were done with a Nikon confocal Ci microscope with a 
High Speed Lifetime Module and 60° PlanApo 1.4 objective. Fluorescence life- 
time was determined after excitation with a 440-nm pulsed laser (picosecond 
pulses) and a 470/20-nm band-pass emission filter and quantified with LiMO 
software (Nikon). Lifetime values were obtained for 5 independent experi- 
ments of at least 1 5 cells each. 

Note: Supplementary inforniation is available oti the Nature hmnunology website. 
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